Crystalline silica is commonly found in the work environment. Possible health effects of occupational exposure continue to be the subject of extensive research. The aim of this paper was to analyze the recent findings concerning the health effects of exposure to crystalline silica, taking into account different levels of exposure. This work is based on the relevant information from the papers retrieved from the following databases: EBSCO, Scopus, ScienceDirect, and Web of Science, using the following keywords: crystalline silica, quartz, health effects. The review of the results confirms the multi-faceted harmful effects of crystalline silica. Prolonged occupational exposure, apart from silicosis and non-cancer respiratory diseases, may also result in the development of lung cancer, and autoimmune and chronic kidney diseases, the pathogenesis, which has not been completely explained yet. The exposure to the crystalline silica at concentrations close to the current occupational exposure limit value does not exclude the risk of the following pathologies: silicosis, lung cancer, other lung diseases and renal diseases. It is not feasible to completely eliminate the crystalline silica dust from the work environment. The best way to reduce the health effects of the exposure is to minimize the concentrations of silica dust. Further progress in clarifying the true mechanisms of interaction between silica dust and lung cells, the determination of the importance of surface properties of the silica particles in the pathogenic processes and explaining the effects of co-morbid dust in the work environment may help to prevent the harmful effects of silica dust. Med Pr 2014;65(6):799-818
INTRODUCTION
Silicon dioxide (SiO 2 ) commonly known as silica, is one of the most ubiquitous chemical compounds in the world. Quartz, one of the crystalline forms of silica, represents a very frequent component of the natural environment. It represents 12% of the Earth's crust, occurs in almost all types of rocks and is an important raw material. Cristobalite is an another form of crystalline silica, which rarely occurs in nature, but in the industrial conditions, it may be formed as a result of thermal transformations of other forms of crystalline silica, kaolinite, clay minerals or amorphous silica, if they are subjected to the temperature higher than 800°C (1,2).
) concentrations of crystalline silica within a period ranging from a few weeks to 4 years. The resultant pathological changes are characterized by hypertrophy and hyperplasia of type II pneumocytes, which under the influence of dust produce excessive amounts of proteins and surfactant, leading to silica-induced lipoproteinosis. The progression of the disease is very rapid, resulting in a considerable impairment of gas exchange in the lungs. The radiographic image usually does not show the changes typical of other forms of silicosis (3) (4) (5) .
Accelerated silicosis is a result of exposure to crystalline silica at concentrations of several tens mg/m 3 over a period of several years. It develops after 4-10 years and is characterized by a clinical image similar to chronic silicosis, but with a higher pathological progression, while the fibrotic changes in the lung may be more irregular and more dispersed (3, 4, 6) . At present, this form of silicosis is mainly encountered in developing countries, among the miners employed in small mines, and its risk is estimated to amount to 30-50% after about 3-5 years of exposure (6) .
Chronic silicosis is the most common form of silicosis. The disease develops after at least 10 years of exposure to relatively low levels of crystalline silica. It is understood that the deposition in the lung of 1-3 g respirable crystalline silica is sufficient to initiate the development of this form of pneumoconiosis (5, 7) , and the morbid process may progress even after cessation of the exposure (1, 8) . The pathogenesis of silicosis has not been yet completely elucidated. The major contributor is the direct impact of particulate matter on the macrophages and other cells of the alveoli. The development of pathological changes is a series of successive inflammatory processes, immune and fibrotic reactions leading to the formation of nodular (focal) or diffused pulmonary fibrosis (3) (4) (5) . The diagnosis of silicosis is based primarily on radiological examination, and observed changes are classified according to the criteria set by the International Labour Organisation -ILO 2002 (9) .
Siliceous materials are extensively used in construction, for the production of glass, ceramics, foundry molds and cores, metallic silicon, silicium iron, sodium silicate, organosilicon compounds, refractory products, friction and filter materials and fillings. Quartz crystals are used in optical and electrical instruments (2) .
Crystalline silica is one of the most common factors harmful to health in the work environment, particularly in mining and extractive industries, fuel and energy production, metallurgical plants, ceramic products industry, house-building and construction industries, refractory industry, as well as in the chemical industry, glass manufacture, agriculture and horticulture (1). Adverse effects of crystalline silica in humans are associated with the accumulation of respirable dust in the alveoli and health effects of the exposure include: silicosis and its complications connected with bacterial or fungal infections, other non-cancer respiratory diseases (e.g., chronic obstructive pulmonary disease), lung cancer, cancers located outside the respiratory system, autoimmune and chronic kidney diseases (3) . Although the adverse effects of crystalline silica have been known for a long time, the research aiming at explaining the determinants of the known pathologies as well as at detecting the yet unknown long-term effects of exposure to this factor still continues.
The aim of this study was to analyze the current findings concerning the health effects of exposure to crystalline silica in the workplace, taking into account the different levels of exposure.
MATERIAL AND METHODS
The present work uses English-language publications collected in the following databases: EBSCO, Scopus, ScienceDirect, and Web of Science, and found using the keywords: crystalline silica, quartz, health effects, silicosis, lung cancer. In the case of lung cancer as an effect of exposure to crystalline silica, selection of literature was limited mainly to the works containing the results of meta-analyzes and pooled analyzes. The bulk of the accumulated literature was published over the years 2000-2012; but some publications important for the studied problems were published in the years [1985] [1986] [1987] [1988] [1989] [1990] [1991] [1992] [1993] [1994] [1995] [1996] [1997] [1998] [1999] . Recent publications by the International Agency for Research on Cancer (IARC), the American Conference of Governmental Industrial Hygienists (ACGIH) and the National Institute for Occupational Safety and Health (NIOSH) have been also included in the analysis.
Health effects of exposure to crystalline silica Nr 6 801 The research on the incidence of silicosis in the people exposed to crystalline silica has continued for several decades and the results have been published in several review papers (3, (10) (11) (12) ×years is estimated to range from 1% to 20% (median: 5%) (16, 19, 22, 23, 26) . In the case of higher doses, from 4 to 6 mg/m 3 ×years, corresponding to 40 years of exposure to crystalline silica concentration equal to 0.1-0.15 mg/m 3 , the risk of silicosis ranges from several per cent to several ten percent (15, 16, 26) . The highest cumulative exposure of over 6 mg/m 3 ×years involves the risk of 8-77% (the average around 40%) (17) (18) (19) 23 ). The differences in the level of the risk of silicosis estimated in various studies may be caused by several factors: n The adopted criterion for diagnosing the silicosisrelated changes in the radiographic image of the lungs (shading category 1/0, 1/1, 2/1 or ≥ 2/1 according to the ILO 2002 (9)) (15, 16, 18, (22) (23) (24) . n Erroneous estimation of exposure in the people with silicosis, especially in the cases of people exposed decades earlier (27). n Different time of observation of the exposed people; silicosis is often diagnosed after more than 30 years of latency and many years after retirement (8, 18, 28) . The results of the studies on mortality due to silicosis (Table 2 ) are more coherent than the results of the studies on the incidence of the disease, although silicosis is rarely the direct cause of death (27). Hedlund et al. and Mannetje et al. have found that the risk of death from exposure to respirable crystalline silica at doses below 2 mg/m 3 ×years is close to 1%, while it has been found to be slightly higher if the dose exceeded 2 mg/m 3 ×years (27,28). The standardized mortality ratios (SMRs) due to silicosis resulting from intense exposure may reach very high values ranging from 20 to over 500 (29) (30) (31) (32) . In a study conducted by Marinaccio et al. it has been also found that the level of that ratio depended on gender; it was significantly higher in women than in men (31) . The abovementioned data indicate that the most important factor in the occurrence of silicosis is the cumulative exposure to respirable crystalline silica and the time of the 1st exposure (18, 23, 25, 26, 28) . Hnizdo et al. have indicated that the relationship between the risk of silicosis and the dose up to 4 mg/m 3 ×years is linear; at higher doses, the risk of silicosis increases in a manner similar to an exponential function (18) . Multiple increase in the risk was also noted for the doses exceeding 2 mg/m 3 ×years followed by additional several months of exposure to crystalline silica at concentrations higher than 2 mg/m 3 (20) . Yet another factor increasing the risk of developing silicosis consists in the exposure to freshly fractured silica dusts produced during crushing, grinding or pulping siliceous materials (3, 33) . The modification of the surface properties of such particles by coal mine dusts or clay dusts, i.e., minerals, which cause occlusion of the silica particles, as well as aluminum salts and metallic iron, can lead to reduction of biological activity of crystalline silica (34) . It is believed that the weaker fibrotic effect of such dusts results in reducing the risk of silicosis among the workers employed in factories manufacturing ceramic products (14, 19) and in coal mines (15) .
The relationship between silicosis and tobacco smoking has not been fully resolved. The results suggesting additive effect of both factors may be biased by an error resulting from an incorrect interpretation of non-specific radiographic changes in the lungs of smokers (35) .
Systemic silicosis (extrapulmonary silicosis)
Silicotic patients happen to develop silicotic-like nodules in organs other than lungs. It is believed that these changes occur as a result of the transportation of the respirable dust with blood and/or lymph beyond the respiratory system, mainly to the liver, spleen, pancreas or bone marrow. Other factors, such as immune responses, are also suspected of being involved in the development of those changes (36, 37) .
Complications of silicosis
Silicosis may be complicated by severe bacterial or fungal infections, developing as a result of the impairment of macrophage phagocytic function by the crystalline silica dust. In the relevant literature, silicotuberculosis (40) . The odds of developing silicotuberculosis increase in proportion to the time of exposure (38) and the dose of respirable crystalline silica (30) .
Other frequent non-infection-related complications of silicosis include enlargement of the right ventricle of the heart (cor pulmonale) and the progressive right ventricular circulatory failure (3).
Other non-malignant respiratory diseases
The workers exposed to crystalline silica suffer also from the following diseases: chronic obstructive pulmonary disease (COPD), chronic bronchitis and emphysema (3). Studies on the relationship between exposure to silica and the occurrence of the COPD and chronic bronchitis are difficult to conduct and evaluate, as tobacco smoking is the major cause of these diseases. An additional factor complicating the study of this relationship is the fact that the particle size fraction responsible for the development of diseases located in the bronchial tree, and in the thoracic fraction, is different from that involved in the development of silicosis and pulmonary cancer.
Park et al. (22) who studied the workers mining and processing diatomite has estimated that the risk of developing lung diseases other than cancer, pneumoconiosis and pulmonary inflammation increases in proportion to the dose of dust, and ranges from 0.11% at a dose of 0.045 mg/m 3 × years to 19% at a dose of 9-10 mg/m 3 ×years. The risk of death from these diseases, estimated using the SMR, is significantly higher after a long, 20-yearlong period of exposure and its value ranges from 1.47 (95% CI: 1.30-1.66) to 3.91 (95% CI: 3.49-4.37) (30-32,38 ). An increased risk of death (SMR) due to chronic obstructive pulmonary disease in the workers exposed to silica reported by Scarselli et Crystalline silica is not considered a factor that may contribute to the development of asthma (3). Epidemiological studies have failed to demonstrate a relationship between the frequency of fatal cases due to asthma (30) (31) (32) or emphysema (30) and exposure to silica.
Lung cancer
Lung cancer belongs to the most common tumors diagnosed in the general population, and its major risk factor is tobacco smoking. A significant risk is also related to factors of occupational origin. The International Agency for Research on Cancer (IARC) in 1997 decided that there was sufficient evidence in the case of humans for carcinogenicity of inhaled crystalline silica in a form of quartz and cristobalite from occupational sources, and included them into group 1 -carcinogenic to humans (1). In 2009, the Working Group, after reviewing the results of the available studies confirmed this classification, specifying lung as the only target organ (41) .
The mechanism of carcinogenicity of crystalline silica is not completely explained. Borm et al. (42) after analyzing more than 200 publications in this field has concluded that the most likely hypothesis for carcinogenicity of crystalline silica is its secondary genotoxic effect resulting from its potent pro-inflammatory activity. Exposure to crystalline silica may result in the development of all major histological types of lung cancer, such as squamous cell carcinoma, adenocarcinoma and small cell carcinoma (43, 44) .
Quantitative estimation of the risk of lung cancer attributable to occupational exposure to quartz and cristobalite obtained in the meta-analysis of the results of many epidemiological studies is shown in the Table 3. Research conducted in the people occupationally exposed to crystalline silica indicates that the relative risk (RR) ranges from 0.97 (95% CI: 0.68-1.38) among the non silicotic subjects to 3.27 (95% CI: 1.32-8.2) among the silicotic only (50) and the SMR from 1.2 (95% CI: 1.1-1.3) to 2.15 (95% CI: 1.63-3.66) (this data were not adjusted for smoking) (45,51). Table 3 . The risk of lung cancer due to occupational exposure to respirable crystalline silica (RCS) in meta-analysis studies -cont. Tabela 3. Ryzyko zachorowania na raka płuca z powodu narażenia na działanie respirabilnej krystalicznej krzemionki (RCS) w metaanalizach badań epidemiologicznych -cd.
×years, above which there is no further increase (45, 48) . Just like silicosis, gender is another factor that may affect the level of cancer risk. In the studies by Olsson et al., OR of lung cancer in women exposed to silica was 2-fold higher than in men (47) . Lung cancer risk is probably not dependent on the source of exposure or forms of crystalline silica (43) . Interaction between the two risk factors for lung cancer i.e., tobacco smoking and exposure to silica has not been explained. The risk estimated among the silica-exposed tobacco smokers is several times higher as compared with the risk in the exposed non-smokers (44) . The character of interaction between tobacco smoking and exposure to silica can be described as being somewhere between additive and multiplicative (43, 46) .
Comparison of the RR or OR values for different lung carcinogens in work environments seems to indicate that crystalline silica appears to be a weaker carcinogen than soluble nickel, arsenic, cadmium and chromiumVI (33, 45, 46) .
Cancers other than lung cancer
People who are occupationally exposed to crystalline silica, apart from having an elevated frequency of lung cancer were found to be at a higher risk of other cancers, such as stomach, liver, esophageal, pancreatic, intestinal, bone, pharyngeal, skin, brain and kidney Abbreviations as in Tables 1 and 2 / Skróty jak w Tabelach 1 i 2. Table 3 . The risk of lung cancer due to occupational exposure to respirable crystalline silica (RCS) in meta-analysis studies -cont. Tabela 3. Ryzyko zachorowania na raka płuca z powodu narażenia na działanie respirabilnej krystalicznej krzemionki (RCS) w metaanalizach badań epidemiologicznych -cd.
Health effects of exposure to crystalline silica Nr 6 813 cancer (1,3,39). However, epidemiological studies have not definitively proven a relationship between exposure to crystalline silica and the occurrence of tumors at locations other than the lung (3, 41) .
Autoimmune diseases
Activation of the immune system by crystalline silica deposited in the alveoli is linked with an increased risk of autoimmune diseases in the silica-exposed patients: systemic sclerosis (scleroderma), rheumatoid arthritis or Caplan's syndrome, systemic lupus erythematosus, systemic vasculitis (3, 39, (52) (53) (54) (55) . Elevated frequencies were also recorded for sarcoidosis, dermatomyositis, dermatopolymyositis, autoimmune hemolytic anemia (3, 39, 52) . The pathogenesis of autoimmune diseases in the patients exposed to silica has not been yet completely explained. Based on experimental results, it is believed that crystalline silica may show an adjuvant effect by non-specifically enhancing the immune response to the dust, and triggering or enhancing the development of the quoted diseases (39, 52, 54) .
The frequency of those diseases may be also affected by genetic susceptibility and some environmental factors, such as the relationship between the observed number of cases of rheumatoid arthritis and the geographic latitude of the habitats of the silica-exposed people (53) . The development of scleroderma seems to result also from silica directly penetrating the skin of the exposed people (3). The increased incidence of arthritis and systemic rheumatoid sclerosis in the patients diagnosed with silicosis has been confirmed by epidemiological studies (3, 39, 52, 54) .
In contrast, the relationship between exposure to crystalline silica and other autoimmune diseases is not obvious, although some studies reported increased OR of the development of these diseases in the exposed people (39, 56) .
Chronic kidney diseases
Chronic renal disease observed in an increased number of cases among the workers exposed to crystalline silica is supposed to be associated with 3 possible mechanisms of their development: deposition in the kidneys of immune complexes resulting from the inflammatory processes taking place in the lungs; disorders of the immune system leading to autoimmunization; or direct nephrotoxicity of the silica transported by blood from alveoli to the kidneys (3, 39, (57) (58) (59) .
Harmful effects of crystalline silica are associated with a variety of chronic kidney diseases, including glomerulonephrititis and end-stage kidney diseases. The results of epidemiological studies on the relationship between exposure and various pathological changes in the kidneys are not clear (11, 38, 39, 58, 59) . The risk of chronic kidney disease assessed by Steenland et al. (11) based on pooled analyses of the results of three cohorts was increased in proportion to the exposure to crystalline silica; the OR in the upper quartile of cumulative silica exposure above 1.67 mg/m 3 ×years was 3.93 (95% CI: 1.31-11.76), and the SMR for all the exposed was 1.41 (95% CI: 1.05-1.85).
In a recent case-control study, the OR of the development of chronic renal disease in the exposed people was equal to 1.40 (95% CI: 1.04-1.89) and was also dependent on the dust dose; in a group of less exposed people the OR was 1.20 (95% CI: 0.77-1.86), and in the longer exposure group it was 1.76 (95% CI: 1.14-2.71). Similar values of the OR were assessed for renal insufficiency, 1.74 (95% CI: 1.05-2.87) and for end-stage kidney diseases, 1.75 (95% CI: 0.76-4.01) although the latter value was not statistically significant (59) .
Health effects in the context of the current limit values
For silicosis (a critical effect of exposure to respirable crystalline silica, also essential for the possibility of secondary development of lung cancer), the NOAEL (No Observed Adverse Effect Level) has not been established (60). Occupational exposure limit values for crystalline silica are currently set at levels which do not eliminate, although significantly restrict, the risk of adverse health effects.
In a large number of countries in Europe and worldwide, the hygienic standards for this harmful agent are at the level recommended by the NIOSH (3) and the European Commission SCOEL (Scientific Committee on Occupational Exposure Limits) (60), i.e., 0.05 mg/m 3 or 2-fold higher -0.1 mg/m 3 . Epidemiological studies of the exposed people show that exposure to 0.05 mg/m 3 (Table 4) is associated with the risk of silicosis ranging from about one to several percent (16, 22, 26) , one percent additional risk of lung cancer (45) and a few percent risk of other respiratory (excluding infectious) diseases (22) .
Exposure to quartz and cristobalite at a concentration of 0.1 mg/m 3 causes silicosis development in at least 1 (to several dozen) percent of people (16, 22, 23, 57) and other pulmonary diseases (except cancer) in 10% of the exposed people (22) . In this exposed group, the additional risk of death from both pneumoconiosis Health effects of exposure to crystalline silica Nr 6 815 and lung cancer is almost 2% (27,57). The risk of death from one of the renal diseases, a category heretofore rarely considered as the effect of exposure to crystalline silica, reaches a similar value (57) . All of the above values of the risks associated with exposure to quartz and cristobalite exceed the threshold of acceptable risk, i.e., 0.1%.
CONCLUSIONS
The review of the results of this research on the health effects of exposure to respirable crystalline silica confirms its multi-faceted harmful effects. In addition to the diseases developing at the places of respirable dust deposition, i.e., silicosis and its complications, lung cancer and other non-neoplastic respiratory diseases, exposure to respirable crystalline silica may be responsible for the development of diseases in other organs, such as kidneys, as well as systemic diseases, such as systemic silicosis, autoimmune diseases (systemic sclerosis, rheumatoid arthritis, systemic lupus erythematosus, systemic vasculitis).
The prevalence of harmful health effects of respirable crystalline silica mainly depends on the concentration of the dust in the air in the workplace and the exposure time. Prolonged, a 40-to 45-year exposure, even at exposure levels close to the current limit values of 0.05-0.1 mg/m 3 , does not exclude, but significantly reduces, the risk of developing silicosis, lung cancer and other non-malignant respiratory and renal diseases.
Complete elimination of crystalline silica dust from the work environment is not feasible, and the main way to reduce adverse health effects of the exposure is to minimize exposure and the use of personal respiratory protection in situations when concentrations of particulate matter cannot be reduced. Further studies on the influence of the surface characteristics of particles of crystalline silica in their interactions with cells, investigations into mechanisms and carcinogenic potential of silica and its interaction with tobacco smoke, and comorbid dusts in the work environment could contribute to more effective protection of the health of the exposed workers.
